This study was designed to test the hypothesis that, in a patient with decreased renal function and an increased plasma creatinine concentration, a significant quantity of creatinine is excreted into the gut, as is true of urea and uric acid, and is metabolized by gut flora. was given orally to five patients. Extracts of excreta, plasma, and urine were subjected to ion-exchange chromatography, with monitoring for 14C.and for ninhydrin-positive material. Respiratory gases, collected in acid and base, were assayed for radioactivity. Blood specimens were obtained at intervals to furnish data on decay of labeled creatinine in the body pool. The data show that there is a true creatinine deficit (15.9 to 65.7% of the creatinine formed is metabolized or excreted via extrarenal routes) in patients with decreased renal function. In these patients, creatinine is metabolized to CO2 and methylamine, presumably by the microflora of the gut. A significant portion of the carbonyllabeled creatinine appeared in plasma in an unidentified compound. 
14C]creatinine was given intravenously to five patients and [methyl-14C] creatinine or Lcarbony!-14C] creatinine
was given orally to five patients. Extracts of excreta, plasma, and urine were subjected to ion-exchange chromatography, with monitoring for 14C.and for ninhydrin-positive material. Respiratory gases, collected in acid and base, were assayed for radioactivity. Blood specimens were obtained at intervals to furnish data on decay of labeled creatinine in the body pool. The data show that there is a true creatinine deficit (15.9 to 65.7% of the creatinine formed is metabolized or excreted via extrarenal routes) in patients with decreased renal function. In these patients, creatinine is metabolized to CO2 and methylamine, presumably by the microflora of the gut. A significant portion of the carbonyllabeled creatinine appeared in plasma in an unidentified compound.
AddItional Keyphrases:
chronic renal failure #{149} The observed accumulation of creatinine in the serum, 30 mg or more per liter per day, in patients with ad'ute oliguric renal failure is predictable from consideration of the excretion rates found in normal persons. In contrast, the expected rate of accumulation plus excretion in patients with chronic renal failure is more frequently about half or less of the predicted values. We have termed this discrepancy "creatinine deficit." It has been observed by many investigators (1) and can be demonstrated readily in patients whose serum creatinine concentrations are greater than 4.5 mg/dl (2) or 6 mg/dl (3) .
The apparent deficit has most frequently been attributed to decreased creatinine production or a decreased muscle mass. Attempts to implicate a decrease in muscle mass by Goldman (3) were unsuccessful, and he could not find more than 23 mg of creatinine per day in the feces of patients with increased serum creatinine concentrations. He concluded that an increased excretion as creatine in urine or excretion as creatinine in feces was excluded and that the decreased excretion in the urine was due to either a decreased rate of production or an undescribed alternative excretory pathway.
Creatinine has been assumed to be metabolically inert since the reports that creatinine labeled with '5N (4) or with methyl-'4C . (5) was not metabolically transformed into creatine and was excreted almost quantitatively as creatinine in the urine in animals with normal renal function.
Our initial efforts were based on the premise that creatinine most probably would be handled like urea and uric acid-that is, excreted into the gut and metabolized by gut flora-thereby giving a second route of clearance. About 25% of the urea (6) and 30 to 40% of the uric acid (7) made by normal man are cycled through the gut in this manner. Furthermore, the gut frequently has been implicated as the source of abnormal compounds ("toxins"), and we anticipated that gut-originated metabolites of an endogenously formed substrate, from a metabolic conversion estimated to account for more than 500 mg/day, might be of physiologic and (or) clinical significance.
Before the experiments in humans to be described here, we had demonstrated that "creatininase" activity (the ability to degrade creatinine) could be induced in the gut flora of rats by feeding creatinine and that labeled methylamine, C02, sarcosine, and methylhydantoin were produced when [methyl-'4C]creatinine was incubated with colon contents from such rats (8).
The 
Methods

Patients.
We studied two anephric patients who were being maintained on chronic hemodialysis, six patients with relatively stable chronic renal failure as evidenced by little change in serum creatinine concentrations, and one patient with minimal renal function who was being maintained on dialysis for 8 h per week (Table 1 'All subjects were patients of Mayo Clinic; they were selected after the purpose and design of the study had been fully explained and the had given informed consent. No label was detected in the vials containing the acid. The counts retained in the base were assumed to be in CO2. The recovery of the label in CO2 was determined by assuming 0.15 mmol of CO2 per kilogram of body weight per minute as the production rate (values obtained on patient 6 were 0.14 and 0.15).
Total collections of urine and feces were made from the time the labeled creatinine was administered until the experiment was completed. The feces were frozen until assay by placing them on solid CO2 immediately after they were passed. Aliquots of blood, feces, and urine were counted in a liquid-scintillation counter. Sulfosalicylic acid extracts of the specimens were subjected to ion-exchange chromatography (8) with monitoring by liquid-scintillation counting and the ninhydrin reaction. The specific activity of creatinine was determined from the counts recovered from the column (internal standards were recovered quantitatively) and from the creatinine concentrations of the specimens as determined by reaction with alkaline picrate on an AutoAnalyzer (Technicon AutoAnalyzer; File N-llb; Technicon Instruments Corp., Tarrytown, N. Y. 10591). The creatmine concentrations in gastric contents and intestinal perfusates were also determined after preliminary isolation with Lloyd's reagent.
Identification
of metabolites was based on retention times on the ion-exchange columns and co-chromatography with known substances (8).
Calculations.
Standard methods were used to calculate turnover and pool size. Creatinine space was calculated as water space (10). The size of the body pool of creatinine was determined by extrapolation, to zero time, of the isotope dilution curve in those patients who received the labeled creatinine intravenously (see Appendix).
Body water was also determined with 2H2O in four of these patients (11). The body pool size was determined only by the 2H2O method in those patients who received the labeled creatinine orally. The concentration of creatinine in body water used in the calculations for the stable patients is given as X in Table 2 .
Body weights changed negligibly and were not used in the calculations of creatinine pool size and turnover.
These steps were taken for the following two reasons: (a) calculations with these values would be based on additional assumptions, and (b) the plot of log specific activity against time with "corrected" values did not yield values for creatinine production and deficit substantially different from those obtained without allowing for any change.
We calculated the rate of creatinine turnover with the assumptions that the rate of creatinine formation was constant, that creatinine is distributed in body water, and that physiologic variations were not important.
These assumptions appear to be valid because plots of log10 [14C}creatinine, C*, against time were linear. The labeled creatinine in the body pool
Pt." Table 3 . Recovery of 'C From Renal Patients Given "C-Labeled Creatinine had equilibrated by 6 h, and data obtained for earlier intervals were not used in calculating turnover rates. A minimum of four points was used. Calculation of the turnover rates in the patients being maintained on hemodialysis, and who therefore had changing pool sizes, involved additional steps; the details are given in the Appendix.
The approach was based on the assumption of a simple one-compartment clearance and a constant production rate. Table 3 shows data, presented as a balance sheet, for four patients on recovery of label in body fluids and distribution of label between creatinine and metabolites. It has been assumed for the purpose of calculation of recovery, without documentation and probably incorrectly, that the plasma concentration directly reflects the distribution of all labeled metabolites in the entire body.
Results
Curve of plasma disappearance.
The logio of the 14C (dpm) in creatinine was plotted against time, and the intercept and slope of the lines were determined by mean least squares ( Table 2 ). The first sample that was used for these calculations was that obtained at least 6 h after isotope was administered, by which time the body pool had equilibrated, as evidenced by the linear decrease in log of specific activity with time from that time on (Figure 1) .
Pool size and creatinine deficit. The calculation of the rate of creatinine production, K, in patients with an increasing plasma creatinine concentration requires determination of the plasma concentration at which rate of formation equals rate of clearance. This is the intercept, on the plasma concentration axis, of a plot of exp (-(a + b)t/V) against plasma creatinine concentration.
In the two anephric patients this plot yielded a straight line (Figure 2) . The calculation by manual integration gave similar values for rate of e)t In patient 3, who had residual renal function and was on restricted water intake, the function was curvilinear although a plot of plasma creatinine against time did show an asymptotic value of about 9.1 mg/dl (Figure 3) . Therefore, the manual integration was The quantity of creatinine excreted in the urine of this patient per unit time was not related to the plasma concentration measured at that time. During this interval, the plasma creatinine concentration increased from 6.2 to 9.1 mg/dl with no apparent change in rate of creatinine excretion. This indicates that this patient, with plasma creatinine concentrations less than 10 mg/dl, was excreting creatinine in the urine by a mechanism other than filtration and which was not concentration-dependent.
This more complex situation may account for the nonlinearity of the plot, and clarification must await studies in additional patients of this type.
In the patients not on dialysis, the creatinine pool varied from 1.7 to 6.4 g. The rate of production varied from 32 to 73 mg/h, and the rate of metabolism from 251 to 715 mg/day. The data indicate that 16 to 66% of the creatinine formed in this group of renal patients is continually being metabolized. Estimation of the rate of metabolism from the appearance of metabolites is not possible because we do not know the pathway(s) of metabolism or the specific activity of identified metabolites except CO2. Recovery of 14C in creatinine and metabolites. By ion-exchange chromatography of specimens from patients given [methyl-14C]creatinine, '4C was identified in two acidic compounds, in a compound appearing 5 to 10 ml after urea, in one with or slightly after sarcosine, in methylamine, and in trace amounts in an unidentified compound; CO2 in the expired air also contained 14C. 14C was not present in methylguanidine.
When [carbonyl-'4C]creatinine was used, all of these metabolites except methylamine contained 14C.
The presence of an as-yet-unidentified metabolite of creatinine is suggested by the following facts. When [methyl-'4C]creatinine was administered to patients, recovery of '4C in creatinine and metabolites from the ion-exchange column was quantitative at the early intervals. At the last sampling times, the lowest recovery observed was 89% in the plasma of patient 3, 89.7 h after she received the labeled creatinine. In contrast, '4C was poorly accounted for analytically in plasma specimens from patients given
only 75 to 84% of the '4C was recovered from the first plasma specimens from patients 7, 8, and 10. In the last specimens from these patients, the recovery was 66 to 76%. Dialysates obtained at the first therapeutic hemodialysis at the termination of the experiments with patients 8, 9, and 10 showed the same phenomenon.
As in the chromatography of other specimens, changing the conditions to those that would elute the very basic polyamines did not yield additional '4C. We now believe that the compound(s) responsible is not CO2 and is labile both in stored plasma and dialysates and in sulfosalicylic acid extracts of these fluids. The identity of this compound(s)
is currently under investigation.
At the end of the experimental period, the recoveries of C from urine, excreta, C02, and body water (calculated from plasma concentrations) ranged from 72 to 90%. Estimates, based on the rate of excretion during the experiments, of the quantity of 14C remaining in the gastrointestinal tract at the termination of the experiments would increase these recoveries by less than 1%. This inability to account for a significant portion of the administered '4C is interpreted as another indication of a retained and as yet undetermined metabolite(s). Kinetics of creatinine metabolism.
That the labeled creatinine is metabolized in the gut may be surmised from the appearance, with time, of labeled CO2 and metabolites in the body fluids. Labeled metabolites can be detected in the first plasma and urine specimens obtained, whether the creatinine is labeled in the methyl or carbonyl group and regardless of the route of administration.
The CO2 expiration curves (Figures 4 and 5 ) reflect the final product not only from the intestinal microflora but also from metabolism, by the patient, of the metabolites formed from creatinine in the intestinal tract. The initial rapid evolution of "CO2 after oral administration of labeled creatinine (patients 6, 7, and 8 in Figure 4 ) is interpreted to indicate metabolism of a bolus of unabsorbed creatinine in the gut. The later plateau, which is superimposable on the '4CO2 curve from the patients receiving the labeled creatinine intravenously (patients 1 and 2 in Figure  4 ), is interpreted as representing the metabolism of bacterial metabolites by the patient as well as the CO2 produced by the flora of the gut. The shapes of the individual curves in Figure 5 appear to be similar after the initial few hours, the quantity of CO2
evolved being determined by the patient's residual renal function. The proportion of '4CO2 produced by the intestinal microflora directly has not been estimated. Table 4 shows that creatinine is "secreted" into the gut. We obtained these data on subjects who had no 
Discussion
The evidence presented here indicates that a variable portion, 15.9 to 65.7%, of the creatinine formed endogenously in persons with decreased renal function is metabolized.
The following evidence supports this conclusion:
(a) the estimated rate of creatinine production exceeded the measured rate of creatinine excretion plus accumulation in body fluids; (b) ra-diolabeled creatinine accounted for in urine plus that calculated to remain in body water after administration was incomplete;
and (c) the '4C administered as
was found in metabolites in plasma and urine. Thus, an explanation is available for the absolute decrease in urinary excretion of creatinine with increasing serum creatinine concentration observed by many and described graphically by Enger and Blegen in 1964 (2) .
Efforts to implicate enzymes in the formation of creatinine from creatine and creatine phosphate have been unsuccessful (12). These essentially irreversible reactions are now accepted as nonenzymatic.
Creatinine formation would be decreased by a decrease in muscle mass (that is, in the precursors creatine and creatine phosphate).
However, this deficit could not be related to a decrease in muscle mass (3) . These facts support the concept that the creatinine deficit is due to metabolism of a significant portion of the creatinine synthesized.
Evidence for a decreasedrate of creatine synthesis, and hence of creatinine synthesis, in nephrectomized rats has been presented by Homer (13) and Goldman and Moss (14, 15) . Those experiments proved conclusively that creatine is synthesized in extrarenal tissues. A lower extent of incorporation of a labeled precursor,
['4Cjglycine, into muscle creatine was interpreted as indicating a decreased rate of synthesis of creatine. Using the same experimental plan, they (15) observed that creatinine loading by intraperitoneal injection also, but less effectively, decreased incorporation of [14Cjglycine and [14C]guanidine acetate into muscle creatine in both nephrectomized and control rats. However, the conclusion that the rate of synthesis can be determined by this approach may be incorrect because (a) plasma glycine (16) and guanidineacetate (17) have been reported to be increased in renal failure and, if such were true in these animals, incorporation from an increased precursor pool would cause the observed change without alteration of rate of formation of creatine, and (b) these animals did not show a comparable decrease, but maintained muscle creatine concentrations comparable to those of controls.
The accurate estimation of the rate of production of creatinine depends on an accurate determination of the body pool. Although it is well documented
that creatinine is distributed in body water, special phases of body fluids exist with probably different creatinine concentrations. These differences are believed to be too small to introduce significant error into the estimation of the body pool of creatinine. The body water space independently determined by 2H20 closely approximated the value obtained by extrapolation of plasma specific activity to the time of injection.
The calculated creatinine spaces as percentage of body weight were 55.3 to 67.5 for the men and 37.4 to 51.4 for the women (in patients 2 and 5 they were 37.4 and 45.8%; these patients had more body fat). Determination of body water by 2H2O has a precision of ±2%, as does the determination by ['4C]creatinine distribution extrapolated to zero time. Because clearance by nonactive processes is concentration-dependent, the concentration of creatinine in plasma is a direct reflection of clearance(s). As renal function decreases, the plasma concentration will increase until the clearance equals the rate of formation.
When renal function becomes severely decreased or, as in the anephric patient, other routes of excretion become more important, this plateauing of plasma creatinine concentration does occur; use was made of this fact in calculating the turnover in those patients with changing plasma creatinine concentrations.
Until detailed data are obtained on more patients in additional clinical states and under different treatments, the factors affecting this final concentration will remain unknown.
It is reasonable to anticipate that some of the variability in urinary excretion of creatinine in normal persons is caused by a similar phenomenon.
More nearly accurate estimations of the rate of formation in normal individuals and alterations in metabolism by imposing intestinal bacteriostasis should clarify this point and settle the question of absolute decrease in creatinine formation in patients with renal disease.
Among the metabolites of labeled creatinine separated by ion-exchange chromatography, methylamine was identified in plasma and urine. Two acidic metabolites appeared consistently in the chromatograms of urine and plasma. Other regions of the chromatogram contained small amounts of radioactivity and are being studied. The quantities of 14C in these metabolites varied from patient to patient; for example, patient 3 had more label in metabolites and a much more complex pattern of radioactivity distribution in the chromatogram than did the other patients, including those (patients 4 and 5) on more frequent dialysis. Some of these metabolites may reflect re-incorporation of 14C into known compounds not unique to creatinine metabolism.
In addition, a major unknown metabolite of [carbonyl-14C]creatinine was found in these patients, but the experimental design complicated our efforts to identify the compound(s).
First, because we obtained only the minimal amount of blood needed for the objective of the experiment, only minute quantities of plasma were stored. The specimens were counted and filtrates were prepared when they were obtained; chromatography, a slow process, was performed some time later. The noncreatinine 14C may be lost to the container or to air on storage. If the unknown survived storage, it may be lost on the column. The CO2 released from such specimens upon addition of acid was not radioactive.On the positive side, we can demonstrate the presence of an unknown compound(s) by difference in radioactivity in these specimens. The compound(s) was present in dialysate as well as plasma from patients who received [carbonyl-
Identification is being actively pursued. It is interesting to speculate that, because the quantity of labeled material is significant and is maintained at a relatively constant level throughout the experimental period, the compound(s), when identified, will be present in a relatively high concentration.
The assumption that all metabolites will appear in plasma is unwise. The presence of creatinine in sweat has been demonstrated by Consolazio et al. (18) ; although we did not evaluate creatinine loss by this route or by insensible perspiration, our patients were not physically active and uremic patients sweat very little. The quantity of the creatinine shown under "Metabolism" in Table 2 would include any lost by this route. Also unwise isthe estimation of the total quantity of metabolites in the body pool by assuming that the distribution in plasma is similar to that in the body water, especially in light of the fact that only 72 to 90% of the label could be accounted for at the termination of the experiments. Use of creatinine labeled in other atoms should clarify this point and also elucidate the metabolism of the remaining portion of the creatinine molecule.
It is easy to see why it was assumed that creatinine was not metabolized in man. Maw (19) showed that he could recover almost quantitativelythe creatinine from rats that received an oral dose of 30 to 60 mg and that the gut flora of the rat did not metabolize creatinine.
Goldman (3) could not find significant quantities of creatinine in human feces. However, 25% of an oral dose of creatinine was shown to survive passage through the small intestine (20) . Apparently, creatininase can be induced in the gut of patients as a side-effect of chronically decreased renal function.
Our previous work indicated that the enzymatic activity could be induced in the microflora of the gut of rats by feeding creatinine, although it was absent in preparations from rats on controlled diets (8). The demonstration here that creatinine actually does get into the gut allows creatinine to be added to the list of compounds that are presented to the flora of the gastrointestinal tract for metabolism. Therefore, creatinine metabolism is not an exception to a common phenomenon.
The specific activity of the metabolites was not determined, so we have not assessed the quantity of creatinine metabolized through a pathway(s) suggested by the structures of the compounds isolated. That the conditions of the in vitro incubations of gut contents (8) can alter the pathway, as evidenced by alteration in the ratios of products, indicates that there is much more to be learned about this qualitatively as well as quantitatively.
Currently it is not possible to assess the effect of metabolism of creatinine on a patient with decreased renal function.
If we do not find a physiologically active metabolite that exerts an adverse effect, the overall effect will be to salvage nitrogen.
This appears to be advantageous to the individual who can adapt to the disease and the diet, That, in addition to excretion in the urine, there exists another major route of creatinine excretion
Appendix3
The calculations for the rate of production of creatinine are based on the assumption of a one-compartment model. and Napierian logarithms.
that is variable explains the poor correlation observed between serum creatinine values and urinary creatinine clearances in some patients.
Clinical implications. 
Note that, from the earlier computations, one has a value for the factor (a + b)/V (specifically, it is 2.303 X slope of earlier plot). Hence, one can convert the abscissa values from time, t, to a new form:
I ____ q=expt-
I
If one now plots A vs. q and takes a best-fit straight line, the intercept on the A axis will be K/(a + b). This intercept is the asymptotic value for serum creatinine under the single-compartment model. Thus, K = (a + b).A intercept.
Note that the slope of the line on the A vs. q plot is, slope = C0 -K/(a + b). This can be used with the previously derived values to compute C0 as a check on the reliability of the method.
